Abstract-Deep-sea hydrothermal plume tracing capability is important for autonomous underwater vehicles (AUVs) to efficiently perform hydrothermal vents prospecting missions. This paper proposes a behavior-based planning strategy that aims to enable an AUV to plan its on-line behaviors and path with real-time sensor information to track a hydrothermal plume to a hydrothermal vent and to localize the vent. The proposed strategy is based on the moth-inspired chemical plume tracing strategy, and comprises two components, a hydrothermal non-buoyant plume tracing strategy to track a hydrothermal non-buoyant plume in two dimensions to the top terminal of a hydrothermal buoyant plume, and a hydrothermal buoyant plume tracing strategy to track a hydrothermal buoyant plume in three dimensions to a hydrothermal vent and localize the vent. Both of the non-buoyant plume and buoyant plume tracing strategies are composed of three behavior types: Maintain-Plume, Reacquire-Plume, and Declare-Source. Implementation of the behaviors in the strategy considers the AUV dynamics and the features of hydrothermal plumes. The proposed hydrothermal plume tracing strategy is implemented on a computer simulation environment in which the simulated plume reflects the hydrothermal plume features, and the simulation results demonstrate the effectiveness of the proposed strategy.
INTRODUCTION
Sea-floor hydrothermal vents are deep-sea phenomena, which not only offer important information on the hydrothermal activities, the Earth, and even the life origin, but also provide us with a wealth of rare mineral and biological resources. Since the first discovery of a hydrothermal vent field in 1979 [1] , great efforts have been taken to search for and localize the hydrothermal vents, and enormous interests have been directed to investigate efficient methods and tools for searching for and localizing the hydrothermal vents since there are still a large amount of vents in deep oceans remain unlocalized [2] .
Hydrothermal vents emit physically and chemically altered seawater into the ocean, which is advected by ocean currents over a long distance and forms hydrothermal plumes covering large spatial and temporal scales. Hydrothermal plumes provide significant clues on the locations of the vents, and surveying hydrothermal plumes is the most direct and effective approach to searching for and localizing active hydrothermal vents [3] . There are a variety of tools being employed for surveying hydrothermal plumes, such as CTD (Conductivity/Temperature/Depth) packages, and other tethered equipment. Compared with the others, autonomous underwater vehicles (AUVs) provide better maneuverability, higher positioning accuracy, relatively faster speed, and are able to plan on-line vehicle behaviors with multiple sensing modalities. AUVs can efficiently survey meso-and smallscale hydrothermal plumes and obtain high quality plume data with which hydrothermal vents could be accurately identified and localized. A number of AUVs have been used in hydrothermal exploration missions in a variety of hydrothermal sites [4] , demonstrating that AUVs are powerful tools for hydrothermal plume survey and vent localization missions.
A significant issue in utilizing AUVs in hydrothermal plume survey and vent localization missions is designing strategies for AUVs to track hydrothermal plumes to the vents and finally identify and pinpoint the vent locations. A typical strategy that has been designed is the three-phase nested survey strategy [5] , which has been successfully applied in many expeditions with the ABE AUV. However, this strategy needs multiple AUV launches and recoveries during a mission and human interaction to plan the AUV mission profile for each survey phase, which prolong the mission time and increase the mission expense [6] . To save the mission time and cost, [6, 7] proposed on-line mapping and planning algorithms to enable AUVs to autonomously conduct the three survey phases successively without need for AUV recoveries and human interaction, however, the "lawnmower" grid search maneuvers employed in each survey phase in this strategy are still time-consuming.
More efficient strategies for AUV based hydrothermal plume survey and vent localization could be designed and implemented, and a key step to developing such strategies is to design a hydrothermal plume tracing strategy, which navigates an AUV in response to real-time sensor information to find the hydrothermal plumes, to trace the hydrothermal plumes to their sources, and finally to reliably identify and pinpoint the vent locations on the sea floor. A number of approaches could be employed to resolve this issue, including the mapping and planning based approach and the bioinspired approach, which are the two popular approaches to designing strategies for turbulent chemical plume tracing with autonomous vehicles. Pang [8] and Saigol [9] each proposed a hydrothermal plume tracing strategy using the mapping and planning based approach, both of which include a mapping algorithm to enable an AUV to estimate vent locations using real-time sensor information and a planning algorithm to enable the AUV to plan its hydrothermal plume tracing path based on the estimations. These strategies have been demonstrated via computer simulation; however, their performance in real ocean environments still needs in-water validation.
Another approach to developing hydrothermal plume tracing strategies is the bio-inspired approach, which has been broadly adopted and investigated for chemical plume tracing research. Among them, Li et al. [10] developed, evaluated and optimized both passive and active turbulent plume tracing strategies inspired by moth plume-tracing behavior. Based on these strategies, Li et al. [11] and Farrell et al. [12] developed behavior-based planning strategies for chemical plume tracing in ocean environments with an AUV. The strategies were implemented on a REMUS AUV with a single chemical sensor for the in-water test runs in November and April 2002 at the San Clemente Island of California [11] and in June 2003 in Duck, North Carolina [12] . The field experiments successfully demonstrated tracking of Rhodamine dye plumes over 100 m in the near shore, oceanic fluid flow environments. Tian [13] also investigated the mothinspired plume tracing strategy and verified the strategy via field experiments performed at Dalian Bay, China in 2010, in which an AUV was employed to track chemical plumes developed in water surface where the plumes were under the influence of turbulence, tides and waves. Based on these studies on moth-inspired chemical plume tracing in ocean environments, Tian [13] designed a moth-inspired hydrothermal plume tracing strategy that aims to enable an AUV to track a hydrothermal non-buoyant plume and validated the strategy via proper numerical plumes, which are generated by a hydrothermal plume simulation model [14] that captures the key features of hydrothermal plumes to complicate the hydrothermal plume tracing problem.
A hydrothermal plume usually comprises a large buoyant stem with the height on the order of hundreds of meters, and the tracking of the hydrothermal buoyant plume has to be taken into account while developing hydrothermal plume tracing strategies. However, up to now, studies on bioinspired turbulent plume tracing are primarily on twodimensional non-buoyant plume tracing, few consider the tracking of large-scale buoyant plumes with hydrothermal buoyant plume features. In this paper, we investigate the hydrothermal buoyant plume tracing problem; and based on the design and implementation of the two-dimensional mothinspired turbulent plume tracing strategies [11, 12] , we design a hydrothermal buoyant plume tracing strategy, and combine the buoyant plume tracing strategy with the nonbuoyant hydrothermal plume tracing strategy we designed to develop a complete behavior-based hydrothermal plume tracing strategy, which aims to enable an AUV to plan its behaviors and path with real-time sensor information to track a hydrothermal non-buoyant plume to the top terminal of a buoyant plume and then to successively track the buoyant plume in three dimensions to a vent and finally to localize the vent.
This paper is organized as follows. In Section II, we give a brief description of the features of deep-sea hydrothermal plumes and discuss the hydrothermal plume tracing problem investigated in this paper. In Section III, we present an overview of the behavior-based hydrothermal plume tracing strategy including the hydrothermal non-buoyant plume tracing in two dimensions and the hydrothermal buoyant plume tracing in three dimensions. In Section IV, we present the implementation of the behaviors in the hydrothermal plume tracing strategy. In Section V, we give simulation results with proper numerical hydrothermal plumes that are generated from a hydrothermal plume model capturing the key features of hydrothermal plumes to complicate the hydrothermal plume tracing problem. In Section VI, we draw some conclusions.
II. PROBLEM STATEMENT
The physically and chemically altered hydrothermal effluent initially discharged from hydrothermal vents has lower density than the ambient seawater. Consequently after it is vented, resulting from the buoyancy combined with its initial vertical momentum, the hydrothermal effluent will rise vigorously in a column above the vents and forms a hydrothermal buoyant plume. During its ascent, the hydrothermal buoyant plume engulfs ambient seawater into it via turbulent entrainment, which makes the hydrothermal effluent continuously diluted and heavy. When the density of the resulting mixed hydrothermal fluid equals to that of the ambient seawater, the rising of the hydrothermal buoyant plume ceases (In some cases, the remaining vertical momentum of the hydrothermal fluid will still enable it to rise slightly higher), and in typical hydrographic settings, the height of a hydrothermal buoyant plume could reach 100-400 m [15] , and the diameter could expand from several centimeters at the vent orifice to a diameter on the order of 50-100 m at its top terminal [16] . Meanwhile, during the ascent, the hydrothermal fluid is also advected by ocean currents in the hydrothermal site, leading to that the centerline of the buoyant plume not be upright, but be bended in the flow direction. Although the time-averaged structure and tracer distribution of a hydrothermal buoyant plume could be modeled by mathematical models, due to the turbulent entrainment of ambient seawater, the instantaneous structure and distribution are highly irregular and intermittent [17] .
When the hydrothermal fluid reaches the buoyant plume terminal, it will then be mainly advected by ocean currents and dispersed by self-imposed pressure gradient and turbulence, thus spread laterally in a horizontal layer and form a hydrothermal non-buoyant plume occupying much larger spatial scales (with thickness being on the order of 100 m [18] and width in its near field covering hundreds of meters). Because in most of the hydrothermal sites the ocean currents with mean and tidally forced components vary with both time and location, the centerline of a hydrothermal non-buoyant plume will not be a straight line, but take a meandrous shape resulting from the integrated effect of the current field. And due to the turbulent effect, the instantaneous distribution of a hydrothermal non-buoyant plume is also irregular and intermittent. Figure 1 shows a schematic of a hydrothermal plume. Hydrothermal plumes comprise multiple physical and chemical tracers, which could be categorized into two types: conservative tracers and non-conservative tracers [6] . Nonconservative tracers whose intensity decrease dramatically with distance away from hydrothermal vents are significant in performing hydrothermal plume tracing missions, for some of them (such as anomaly of vertical water velocity) could only be detected in hydrothermal buoyant plumes and detections of these tracers indicate that a hydrothermal buoyant plume is found and some hydrothermal vents are in the vicinity. The features of the tracers, structures, and scales of hydrothermal non-buoyant plumes and buoyant plumes suggest a basic strategy for hydrothermal plume tracing: tracking hydrothermal non-buoyant plumes to find the hydrothermal buoyant plumes within them (e.g., via detection of the non-conservative hydrothermal buoyant plume tracers), and then tracking the buoyant plumes to finally make the vents localized. Based on the basic strategy, a strategy for hydrothermal plume tracing and vent localization with AUVs could be decomposed into two components, a hydrothermal non-buoyant plume tracing strategy that navigates an AUV to track hydrothermal non-buoyant plumes in two-dimensional horizontal plane to the top terminal of hydrothermal buoyant plumes, and a hydrothermal buoyant plume tracing strategy that navigates an AUV in three dimensions to track the buoyant plumes to the seafloor vents and finally localize the vents.
The problem of tracking non-buoyant turbulent plumes in two dimensions has been investigated, and strategies for nonbuoyant turbulent plume tracing and source identification with AUVs in ocean environments with turbulence, tides and waves using the moth-inspired approach have been developed [11] [12] [13] , which take into account the features of AUV dynamics and scales of the plumes in two dimensions, and other complicating factors including the significant plume meander and the intermittency between plume filaments. However, these strategies need adaptation to be implemented on an AUV to track hydrothermal buoyant plumes and localize hydrothermal vents, because in addition to the above mentioned common factors complicating the turbulent plume tracing problem, the features of AUV dynamics in three dimensions, the distinct features of hydrothermal buoyant plumes including the plume diameter expansion and the plume centerline meander in vertical direction, and especially the intersection and coalescence of multiple hydrothermal buoyant plumes from a cluster of nearby hydrothermal vents (as shown in Figure 1 ), have all to be taken into account while developing efficient hydrothermal buoyant plume tracing strategies. This paper is to develop a hydrothermal buoyant plume tracing strategy, taking into account the complicating factors relating to the AUV dynamics and the features of hydrothermal buoyant plumes. The strategy is implemented with the behavior-based planning approach which is suitable for AUV on-line mission planning, and is developed based on the results of the moth-inspired two-dimensional turbulent plume tracing in [11, 12] . And we combine the buoyant plume tracing strategy with the non-buoyant hydrothermal plume tracing strategy we have designed to develop a complete behavior-based hydrothermal plume tracing strategy, which aims to enable an AUV to plan its on-line behaviors and path with real-time sensor information to track a hydrothermal nonbuoyant plume to the top terminal of a buoyant plume and then to successively track the buoyant plume in three dimensions to a vent and finally localize the vent.
The assumptions made in this paper relative to the AUV is that the AUV is capable of sensing its position, attitude, and velocity, and mounted with multiple sensors that could detect flow, non-conservative, and conservative hydrothermal plume tracers. In addition, we assume that the data from multiple hydrothermal plume sensors such as CTD, turbidity sensor, acoustic Doppler current profiler, and reductionoxidation potential sensor, etc. has been processed and fused thus reliable detection of hydrothermal non-buoyant plumes and buoyant plumes could be made (Readers could refer to [6] for methods of processing and fusing data of multiple hydrothermal plume sensors to make reliable detections of nonbuoyant and buoyant hydrothermal plumes), and the logical values d_nbp and d_bp which correspond to detection (when they are true) or non-detection (when they are false) of hydrothermal non-buoyant plumes and buoyant plumes, respectively, are then transferred to the on-line planning strategy. In each planning cycle T , the strategy uses only the logical information instead of the intensity values of the hydrothermal plume tracers to implement the planning, and computes and outputs the commanded signals of the AUV attitude and (linear and angular) velocity to the motion control. Figure 2 shows the control architecture for hydrothermal plume tracing. 
III. MOTH-INSPIRED HYDROTHERMAL PLUME TRACING STRATEGY
Chemical plume tracing is significant in the life of animals and insects, such as homing, foraging, host-seeking, and mate-seeking. For chemical plume tracing tasks, the location of pheromone-emitting females by flying male moths is considered to be a remarkable case. The chemical plume tracing behaviors exhibited by moths could be summarized as follows. When a moth detects pheromone, it tries to maintain contact with the plume and to move upwind toward the source location, with the maneuver being a short sprint predominantly in the upwind direction. Repeated pheromone encounters result in the moth progressively approaching the chemical source. When a moth has not detected pheromone for a sufficiently long period of time, it ceases upwind movement and performs progressively widening crosswind excursions, termed "casting". In this case, the moth appears to be searching for pheromone near the position where it was last detected. This reacquiring behavior can continue for several seconds until either chemical is again detected or the moth behavior changes. If the moth fails to detect pheromone again, it may return to the Finding-Plume behavior used initially for location of the plume.
Inspired-by the moth plume-tracing behaviors, Li et al. [11] If the Track-Out activity fails to detect chemical plumes within a given period of time, then the AUV switches to Reacquire-Plume behavior which maneuvers the AUV to search for the plume in the vicinity of the most recent chemical detected location, as a moth does with the casting behavior. A cloverleaf shaped trajectory or its variant [12] was used to implement the Reacquire-Plume behavior to cast for the lost chemical plume. The commanded AUV heading is calculated using the line of sight guidance method:
x y is the sub-goal located on the cloverleaf, whose center is located on the most recent chemical detected location last last ( , ) x y .
The Declare-Source implements an algorithm to identify the plume source location. The algorithm utilizes the last chemical detected points (LCDPs) that are generated during the Maintain-Plume and Require-Plume process for source identification (A LCDP is defined as a chemical detection point at which a vehicle loses contact with the chemical plume for certain seconds). LCDPs provide very important information about plume traversal distances between Reacquire-Plume activities. The LCDPs are separated along the axis of the plume when the AUV is far from the source location; while the LCDPs get closer when the AUV is approaching the chemical source, thus a closely distributed LCDPs indicate that the source is in the vicinity. Two algorithms including SIZ_F and SIZ_T that use a cluster of closely distributed LCDPs to estimate the source location are proposed and evaluated, and their detailed discussion and implementation are addressed in [19] .
The above moth-inspired strategy could be employed for hydrothermal non-buoyant plume tracing: navigating an AUV to track a hydrothermal non-buoyant plume up flow to the top terminal of a hydrothermal buoyant plume (as shown in Figure 3 (a) ) with the information of flow direction and detection of hydrothermal non-buoyant plume tracers. Then in this paper, we develop the moth-inspired hydrothermal buoyant plume tracing strategy, which navigates an AUV in three dimensions to track a hydrothermal buoyant plume from the top terminal to a vent and localize the vent (as shown in Figure 3 The developed buoyant plume tracing strategy takes the detection or non-detection of hydrothermal buoyant plume tracers (such as anomaly of vertical water velocity and reduction-oxidation potential) as input, and outputs the AUV's commanded velocity and attitude to navigate the AUV to track a buoyant plume. The buoyant-plume tracing strategy (as shown in Figure 3 (b) ) follows the idea of non-buoyant plume tracing strategy and uses the same behavior types as the non-buoyant plume tracing strategy. However, different from the non-buoyant plume tracing, we do not specify a fixed two-dimensional plane for the AUV to conduct the plume tracing mission, the AUV performs the buoyant plume tracing in three dimensions, since it is difficult to specify an effective operational plane for hydrothermal buoyant plume tracing (An effective operational plane should contain a hydrothermal vent, thus AUV could find a vent when tracking buoyant plumes to the seafloor), considering that a buoyant plume may decompose into several buoyant plumes from multiple scattered vents with unknown locations, as shown in Figure 1 .
Herein, we do not take into account the buoyant plumefinding process, in which an AUV searches for hydrothermal buoyant plumes within an area and with some priori information on the buoyant plumes and the flow until it makes the first contact with a buoyant plume. We focus on the mission that the AUV utilizes detections of non-conservative hydrothermal buoyant plume tracers to track a hydrothermal buoyant plume from the top terminal to a seafloor vent and localize the vent, with the assumption that the AUV has already found a hydrothermal buoyant plume during a hydrothermal non-buoyant plume tracing mission.
The same with the hydrothermal non-buoyant plume tracing strategy, the hydrothermal buoyant plume tracing strategy comprises the Track-In, Track-Out, Reacquire-Plume, and Declare-Source behaviors. The Track-In behavior tries to make the AUV move toward the seafloor vent (the "up flow" direction of hydrothermal buoyant plumes) when the AUV is detecting a hydrothermal buoyant plume. Track-Out maneuvers the AUV to rapidly re-contact the buoyant plume immediately following the loss of buoyant plume detection in Track-In behavior. Track-In and Track-Out together enable an AUV to track a buoyant plume to a sea floor vent when a buoyant plume is being detected. If the Track-Out behavior fails to detect the buoyant plume within a given vertical distance, then the AUV switches to Reacquire-Plume behavior which maneuvers the AUV to search for the buoyant plumes in the vicinity of the most recent buoyant plume detection location. At last, when the AUV has tracked a buoyant plume to a vent, the Declare-Source behavior implements an AUV maneuver to identify and estimate the vent's location. Detailed implementations of the behaviors are addressed in the following section.
IV. IMPLEMENTATION OF THE BEHAVIORS
The hydrothermal plume tracing strategy comprises two components, a hydrothermal non-buoyant plume tracing strategy and a hydrothermal buoyant plume tracing strategy. In this section, the AUV behaviors for each of them are described respectively.
In practical applications, most types of AUVs employed for hydrothermal plume and hydrothermal vent survey are under actuated. Considering the AUV dynamics, we have developed a path-following guidance algorithm for underactuated AUVs to better implement the hydrothermal plume tracing behaviors. The path-following guidance algorithm ( , )
FollowPath P t ψ θ = is designed to maneuver an under-actuated AUV to follow a given predefined threedimensional path P at a commanded speed, and outputs the commanded AUV heading angle c ψ and the commanded AUV pitch angle c θ . Detailed design of the guidance algorithm is addressed in [20] . This guidance algorithm is employed in the implementation of the following AUV hydrothermal plume tracing behaviors.
A. Hydrothermal Non-Buoyant Plume Tracing Strategy (1) Find-Plume behavior
The Find-Plume behavior is designed to implement a search for the entire predefined operational area until the AUV contacts a hydrothermal non-buoyant plume. The "zigzag" maneuver proposed in [11] for the moth-inspired chemical plume tracing strategy or the grid type "lawn-mower" maneuver could be employed.
(2) Track-In behavior
The Track-In and Track-Out behaviors are the MaintainPlume behavior, which together enable the AUV to track a hydrothermal non-buoyant plume up flow with the zigzag motion pattern, as shown in Figure 3 (a) . The Track-In behavior is illustrated in Figure 4 (a) . This behavior is designed to replicate the moth's behavior to track a hydrothermal nonbuoyant plume up flow with an offset angle T θ , which is a design parameter of this behavior. Track-In behavior uses the path-following guidance ( ) FollowPath , controlling the AUV to follow a straight line, with the starting point as ( , ) x y where the AUV switches its behavior from other behaviors to Track-In behavior, and with the angle T θ , as shown in Figure 4 In order to enable the AUV to track the plume in the expected direction (Thus the AUV could leave the plume from the right side of left side as expected), T θ should be selected larger than the flow direction measurement error (the difference between real flow direction and measured flow direction), and should be larger than the diff θ , which is the angle difference between the flow direction and the direction of the plume centerline (Due to the integrated effect of the varying currents, the plume centerline is not parallel to the flow direction, as shown in Figure 4 (b) ). Detailed discussion of the parameter T θ on effective plume tracking is addressed in [13] . While the AUV detects the non-buoyant plume in the Track-In behavior, the AUV keeps Track-In behavior to track the plume up flow. If the AUV does not detect the plume in Track-In behavior, the AUV may not be outside of the plume, because the plume is intermittent and non-detection of the plume is reasonable. To ensure that the AUV has indeed left the plume from the right side or left side of the plume with the Track-In behavior, the AUV needs to track a distance T D from the most recent plume detected location, where T D is a another parameter of the Track-In behavior and should be selected larger than the mean inter-filament distance of the non-buoyant hydrothermal plumes. If the AUV has moved T D without plume detection, then the AUV switches from the Track-In behavior to the Track-Out behavior, and saves the most recent plume detected location as LTDL (Last Tracer Detected Location).
(3) Track-Out behavior
Track-Out behavior maneuvers the AUV to rapidly recontact the non-buoyant plume immediately following the Track-In behavior. The Track-Out behavior is illustrated in Figure 5 . Considering the small scale of AUV turning radius relative to hydrothermal non-buoyant plumes, we design the search pattern as a rectangle, with R D being a design parameter that should be larger than cos( )
to make the rectangle cover the LTDL. And the Reacquire-Plume uses the ( ) FollowPath to enable the AUV to implement this trajectory. When the Track-Out behavior fails to detect the plume, following three scenarios may occur. First, due to the plume intermittency, the AUV does not detect the plume, but the AUV comes back into the plume. Second, due to the flow measurement error or the plume meander, the AUV does not leave the plume from the expected direction, thus the TrackOut behavior drives the AUV further leave the plume. Third, the AUV has moved up flow of the plume source (the top terminal of the hydrothermal buoyant plume). Whichever scenario occurs, the designed Reacquire-Plume behavior could enable the AUV to find the plume again.
If the AUV implements the rectangle search for successive R N times without plume detection (the plume shape and location has changed dramatically due to varying flow), then the AUV switches to Find-Plume behavior. If the AUV detects the plume with the Reacquire-Plume behavior, then the AUV switches to the Track-In behavior. If the AUV detects the plume on the left side of LTDL, then in the following Track-In behavior, the AUV tracks the plume in the right-left direction; otherwise, the AUV tracks the plume in the left-right direction. With this setting, the AUV could track the plume into the plume interior (with the assumption that most LTDLs are usually located on the boundary of the hydrothermal non-buoyant plumes).
Meanwhile, if the AUV detects the plume down flow of the LTDL but does not detects the plume up flow of the LTDL, then the LTDL may be in the vicinity of the plume source (Plumes could only be detected down flow of the source). Then this LTDL is saved as LTDL-S and will be used by the Declare-Source behavior.
(5) Declare-Source behavior
When the AUV detects proper hydrothermal buoyant plume non-conservative tracers during the non-buoyant plume tracing process (such as anomaly of vertical water velocity and reduction-oxidation potential), the AUV could directly declare that a buoyant plume is found and could switch from non-buoyant plume tracing to buoyant plume tracing. However, if the hydrothermal plume tracing AUV is not equipped with proper sensors to detect hydrothermal buoyant plume tracers, or the AUV needs be more confident that it has moved to the up-flow source of a hydrothermal non-buoyant plume, the AUV could use the Declare-Source behavior to identify the plume source and estimate the source location.
A LTDL-S is a location that a plume source may be in the vicinity. Thus LTDL-Ss provide information on the plume source location. If a cluster of LTDL-Ss is accumulated within a small area with the scale on the order of the plume source diameter (the buoyant plume top terminal with the diameter on the order of 50-100 m), then it could be concluded that up flow of this area, no plume exists while there exists plume down flow of this area, and thus the plume source is within this small area.
In our implementation, when the AUV switches from Reacquire-Plume behavior to other behaviors and a new LTDL-S is generated, the Declare-Source behavior activates. ter, and D N should be selected large enough to make the declaration be correct and robust), then the source is declared. And the source location could be estimated as the center of the cluster of LTDL-Ss. After the source declaration, the AUV switches to the hydrothermal buoyant plume tracing strategy.
B. Hydrothermal Buoyant Plume Tracing Strategy (1) Track-In behavior
The Track-In behavior is designed to track a hydrothermal buoyant plume toward the sea floor. Considering that most AUVs are under actuated, we design the Track-In behavior for the buoyant plume tracing to be a three dimensional spiral, as illustrated in Figure 7 . The behavior uses the ( ) FollowPath to implement the three dimensional spiral path to make the AUV down to the sea floor when a hydrothermal buoyant plume is being detected. The parameter equation of the three dimensional spiral is as follows:
The parameters of the spiral could be set based on the AUV dynamics, a and b could be set as a b = =minimum AUV turning radius r , and c is set based on the AUV's commanded pitch angle (For safe operation, the AUV's maximum pitch angle is usually limited). When the AUV detects the buoyant plume, it keeps the Track-In behavior and moves down to the sea floor via the spiral. The same as the Track-In behavior in the hydrothermal non-buoyant plume tracing strategy, considering the intermittency of the buoyant plume, we set a distance T D ( T D should be set larger than the mean inter-filament distance in the buoyant plume), and when the AUV has moved for distance T D in vertical direction without plume detection, it switches to Track-Out behavior (Since the buoyant plume is bended, and the buoyant plume diameter continuously decreases as the buoyant plume approaches the vent, thus with the Track-In behavior the AUV will leave the plume when it approaches the sea floor).
Meanwhile, the Track-In behavior saves the horizontal location ( , )
T T x y at which the buoyant plume has been detected in this behavior, and then calculates the center of these locations on the circle cos( )
, and saves the center O T for the use of other buoyant plume tracing behaviors. Figure 8 shows an example of O T calculation. (2) Track-Out behavior The Track-Out behavior is designed to manipulate the AUV to rapidly re-contact the buoyant plume immediately following the Track-In behavior. Since O T indicates that in the vicinity of O T much more plume has been detected, and O T could be much closer to the buoyant plume center than the other horizontal locations on the Track-In spiral (In a hydrothermal buoyant plume section as shown in Figure 9 , the plume distribution could be modeled by Gaussian distribution; thus the more closer to the buoyant plume center, more plume could be detected). Thus in Track-Out behavior, the AUV also implements the 3D spiral as the Track-In behavior does, however, Track-Out behavior changes the center of the spiral to be the O T that is calculated in the Track-In behavior. The Reacquire-Plume behavior employs the guidance ( ) FollowPath to enable the AUV to implement an Archimedes spiral for the search (as shown in Figure 10 (a) ), whose center is set as O T . As the diameter of a hydrothermal buoyant plume decreases with the height above the hydrothermal vent, during the buoyant plume tracing process, the parameter of the spiral R D should be set adaptively smaller with the AUV height ( R D should be smaller than the buoyant plume diameter to ensure that the spiral could contact the buoyant plume), according to the priori information on the buoyant plume diameter. The cover distance R R of the Archimedes spiral should be large enough to cover enough area (considering the buoyant plume diameter and the buoyant plume meander) to ensure that the buoyant plume could be again found, and with the AUV approaches the sea floor, R R could be also set smaller accordingly. If the AUV implements an Archimedes spiral without plume detection, the AUV reverse its direction to implement another spiral in dashed line as shown in Figure 10 , until the plume is found.
During the buoyant plume tracing process, when the buoyant plume radius is smaller than the minimum AUV turning radius, using the above Archimedes spiral may not be able to detect the buoyant plume when the buoyant plume is inside the spiral. Therefore, during the AUV approaches the hydrothermal vent in the buoyant plume tracing process, when the buoyant plume radius is supposed to be close to or small than the minimum AUV turning radius (The approximate hydrothermal buoyant plume diameter at different heights could be priori information for a buoyant plume tracing mission in a hydrothermal vent site), the ReacquirePlume behavior first uses another search trajectory as shown in Figure 11 to perform the plume searching, whose parameter equation is given in equation (4) ( R is a design parameter of this equation). This search trajectory could cover small area thus hydrothermal buoyant plume with small diameter could also be detected. If this search trajectory does not detect the buoyant plume, then the Reacquire-Plume behavior uses above Archimedes spiral to continue the search.
cos (6 ) cos (3 ) cos(6 ) sin(3 ) To improve the hydrothermal buoyant plume tracing mission efficiency, the above Archimedes spiral could also be implemented in three dimensions, thus when the AUV searches for the buoyant plumes with the Reacquire-Plume behavior, it also moves toward the sea floor vent.
(4) Declare-Source behavior
When the AUV has tracked a hydrothermal buoyant plume within a predefined height above the hydrothermal vent D D (The selection of D D considers the AUV's safe operation), the Declare-Source behavior activates to declare that a hydrothermal vent is found. Since the scale of a hydrothermal buoyant plume is on the order of several meters in the vicinity of the hydrothermal vent, thus the most recent buoyant plume detected location in Track-In behavior could be assumed as the vent location E V , with the localization error within several meters.
For further accurate localization of the hydrothermal vent, the Declare-Source behavior could implement a buoyant plume mapping with the designed trajectory such as in Figure  11 (The center of the buoyant plume mapping trajectory is set as the E V ). Then accurate hydrothermal vent location EA V could be estimated as the center of the plume detected locations on this buoyant plume mapping trajectory.
V. SIMULATION
Due to the costs and complexities of in water tests, computer simulation is a key approach to validating the hydrothermal plume tracing strategies. To support the development of hydrothermal plume tracing strategies, we have developed a hydrothermal plume simulation model [14] , which captures the key features of a hydrothermal plume to complicate the hydrothermal plume tracing problem, and have developed a simulation environment using the C++ programming language [21] that implements the hydrothermal plume model. Following simulations are run on this simulation environment. In the following simulations, the mean flow direction is in the x direction, the mean flow speed is 0.5 m/s, the motion control cycle and the mission planning cycle of the AUV are both set as 0.1 s, and the AUV commanded speed is set as 2.5 m/s. Figure 12 shows a simulation result of hydrothermal nonbuoyant plume tracing. In this simulation, the AUV tracks a hydrothermal non-buoyant plume in two-dimensions up flow to its source (the top terminal of a hydrothermal buoyant plume, which is located at (500, 0) m with a diameter of about 100 m), using the hydrothermal non-buoyant plume tracing strategy. Deep color in the AUV trajectory shows that non-buoyant plume is detected at corresponding location.
A. Hydrothermal Non-Buoyant Plume Tracing
The AUV starts the mission at (2000, -500) m, using the "zigzag" search to find the plume (Find-Plume behavior), then tracks the plume using the Track-In behavior, whose parameter T θ is set as 50 degrees and T D is set as 100 m. When the Track-In behavior fails to detect the plume, the Track-Out behavior activates to make the AUV return to the plume, whose parameter O D is set as 100+ sin (50 ) T D m. When the AUV tracks the non-buoyant plume to its source, the Reacquire-Plume behavior generates a cluster of LTDLSs, and the Declare-Source behavior uses six LTDL-Ss to estimate the source location, as (522.67, -0.45) m. The mission time for this simulation is 2550.4 s. Figure 13 shows a simulation result of hydrothermal buoyant plume tracing. In this simulation, the AUV tracks a hydrothermal buoyant plume in three-dimensions to a sea floor vent using the hydrothermal buoyant plume tracing strategy. In this simulation, we set three hydrothermal vents whose locations are (500, 0) m, (515, 15) m, and (500, -40) m, respectively. The three hydrothermal buoyant plumes then merge and form a hydrothermal buoyant plume. 
B. Hydrothermal Buoyant Plume Tracing

C. Hydrothermal Non-Buoyant and Buoyant Plume
Tracing Figure 14 shows a simulation result of hydrothermal nonbuoyant plume tracing and buoyant plume tracing. In this simulation, the AUV first tracks a hydrothermal non-buoyant plume in two dimensions, and when a hydrothermal buoyant plume tracer is detected the AUV switches to track the hydrothermal buoyant plume in three-dimensions to a sea floor vent and localize the vent. In this simulation, we set two hydrothermal vents whose locations are (1000, 0) m, (1025, -25) m, respectively. The two hydrothermal buoyant plumes then merge and form a single hydrothermal plume. In this simulation, the AUV starts the mission at (2000, -500, 200) m, then uses the hydrothermal non-buoyant plume tracing strategy to track the non-buoyant plume. During the process, when a hydrothermal buoyant plume is detected at (1216.06, 3.00) m via the detection of a hydrothermal buoyant plume tracer, the AUV switches to the hydrothermal buoyant plume tracing strategy to track the buoyant plume. When the AUV tracks the buoyant plume above a vent 30 m, the Declare-Source behavior activates and implements a buoyant plume mapping with the trajectory shown in Figure  11 , and estimates the vent's location as (1031.74, -24.40) m (The real location is (1025, -25) m), which is calculated as the center of the plume detected locations on the mapping trajectory. The mission time is 1906.4 s. Figure 15 shows another simulation result of hydrothermal non-buoyant plume and buoyant plume tracing. There are two differences in the implementation of the strategy between this simulation and the above simulation. First, in this simulation, the Archimedes spiral employed in the Reacquire-Plume behavior in the buoyant plume strategy is implemented in three dimensions, in order to improve the efficiency of the Reacquire-Plume behavior (The AUV also moves toward the sea floor during the buoyant plume searching). Second, in this simulation, when a buoyant plume tracer is detected during the non-buoyant plume tracing process, the AUV also uses the Declare-Source behavior to confirm that it has moved to a hydrothermal buoyant plume and then the AUV switches to the buoyant plume tracing process. However, due to the integration of the information of hydrothermal buoyant plume tracer detection, the Declare-Source behavior in the hydrothermal non-buoyant plume tracing strategy only uses three LTDL-Ss to judge that the AUV has moved to a buoyant plume top terminal. The mission time for this simulation is 2175.5 s. Compared with the above simulation, the mission time is longer due to the time cost of the DeclareSource behavior; however, with the Declare-Source behavior, the AUV could more robustly judge that it has found a hydrothermal buoyant plume and switch to the hydrothermal buoyant plume tracing. 
VI. CONCLUSION
This paper investigated the deep-sea hydrothermal plume tracing problem, and has proposed a moth-inspired hydrothermal plume tracing strategy, which features a hydrothermal buoyant plume tracing strategy that navigates an AUV to track a hydrothermal buoyant plume in three dimensions to a hydrothermal vent and to localize the vent. The development of the strategy considers the AUV dynamics and the features of hydrothermal plumes, and the behaviors are mainly implemented with the path-following guidance and are relatively easy to implement on an AUV. The effectiveness of the proposed strategy is demonstrated via computer simulation, with the strategy the AUV could track a hydrothermal nonbuoyant plume in two dimensions to a hydrothermal buoyant plume and then successively track a hydrothermal buoyant plume in three dimensions to a hydrothermal vent and finally localize the vent accurately. In the simulation, the parameters relating to the strategy are selected only for demonstration of the effectiveness of the strategy. In real applications, these parameters need to be selected based on the specific AUV dynamics, the features of hydrothermal plumes under survey, and the mission requirements. In this paper, the proposed strategy only considers the tracking of a single hydrothermal plume. However, in most of the hydrothermal sites, there usually exist multiple hydrothermal plumes and multiple hydrothermal vents, thus the proposed hydrothermal plume tracing strategy needs to be improved to take into account of multiple hydrothermal plume tracing and multiple vents localization, and needs to be combined with other strategies (such as hydrothermal plume mapping and hydrothermal vent mapping with acoustic or visual sensors) to enable an AUV to efficiently perform the hydrothermal vents prospecting missions with one dive, which are our future work.
